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COLLECTIVE EFFECTS IN A MEDIUM AND A MODEL OF 
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A new analytical approach is presented for analysis of two-particle azimuthal correlations in heavy 
ion collisions at relativistic energies. This approach suggests that elliptic flow measured by ex- 
periment has a compound structure, namely, that it may come from superposition of several 
components. General expressions have been derived for the two-particle correlation function iso- 
lating the contribution due to anisotropic flow. The model of compound flow takes into account 
the number of jets per event, average multiplicity per jet, dependence of jet yield on the orientation 
with respect to the reaction plane, and independent "soft" particle production. These analytic 
calculations provide the framework for a consistent description of the elliptic flow measured via 
the single-particle distribution with respect to the reaction plane, jet yield per event, and the 
amplitude of flow-like modulation in the two-particle distribution in the relative azimuthal angle. 
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1. Introduction 

The specific fundamental prediction of QCD 
most often highhghtcd in the discussions of 
experimental program at RHIC (BNL) and 
LHC (CERN) is that at high energy den- 
sities an ordinary hadronic matter under- 
goes a phase transition to a new state of 
hot and dense strongly interacting matter, 
the QGP, and reproduce the early Universe 
conditions. A study of collective behavior in 
heavy-ion collisions provides one of the most 
sensitive and promising probes for investiga- 
tion of possible QGP formation and elucidat- 
ing its properties. 

Large collective flow measured in Au- 
Au collisions at the RHIC provides direct 
evidence of strong pressure gradients in a 
hot and dense medium created in a colli- 
sion. Quenching of di-jets observed in cen- 
tral Au-Au collisions at RHIC by studying 
the two-particle azimuthal distributions at 
high transverse momenta ^ is interpreted as 
final state effect and as an evidence for ex- 
treme energy loss of partons propagating in 
the hot deconfined matter ^ . At intermediate 



transverse momenta, both effects are present 
in the azimuthal correlations of hadron pairs 
and it is important to disentangle the contri- 
butions of flow and jet components. 

Thus azimuthal correlations of hadron 
pairs provide one of the primary tools for the 
experimental investigation of collective flow 
phenomena and identifying the products of 
hard jets. A new analytical approach is pre- 
sented for analysis of two-particle azimuthal 
correlations in heavy ion collisions at rela- 
tivistic energies. 

2. Two-particle correlations: 
disentangling flow and jets 

In the following, we suggest a general frame- 
work for analysis of the azimuthal correla- 
tions of hadron pairs in heavy-ion experi- 
ments at high (RHIC and LHC) energies. 
Two-particle distributions in the relative az- 
imuthal angle of charged high pT particles 
measured in p+p, d-|-Au, and Au-|-Au col- 
lisions at RHIC exhibit a jet-like correla- 
tion characterized by the peaks at Acf) — 
(near-side jets) and at A0 = tt (opposite- 
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side jets). In Au+Au collisions, the parti- 
cle correlations due to elliptic flow also con- 
tribute, resulting in a cosine-like pattern. We 
suggest that elliptic flow measured by ex- 
periment has a compound structure, namely, 
that it may come from superposition of sev- 
eral components. We derive general expres- 
sions for the two-particle correlation function 
isolating the contribution due to anisotropic 
flow. We take into account the number of jets 
per event, average multiplicity per jet, de- 
pendence of jet yield on the orientation with 
respect to the reaction plane, and indepen- 
dent "soft" particle production. The differ- 
ent distributions are normalized by standard 
way, namely, all single-particle distributions 
arc normalized on total number of particles 
per event and all type two-particle distribu- 
tions are normalized on total pair number per 
event below. 

Anisotropic elliptic flow primarily man- 
ifests itself by the presence of the second 
Fourier coefficient {V2) in the inclusive single 
particle distribution in the azimuthal angle 
(p with respect to the reaction plane: 

2Tr— = NJ1 + 2u| cos 2^1 , 
aq) 

where Ns is the number of "soft" parti- 
cles, or particles which have no other az- 
imuthal correlations besides those due to el- 
liptic flow. Elliptic flow also generates az- 
imuthal anisotropy in the angle difference A(j) 
of "soft" particle pairs: 

' d (A(/>) " 

where Nf = Ng {Ng — 1) is the number of 
"soft" particle pairs. Suppose that for events 
where hard scattering took place, the Nh 
"hard" particles were produced via fragmen- 
tation of high energy partons. These par- 
ticles may also be correlated with the im- 
pact parameter due to parton energy loss and 
the azimuthal dependence of the path length, 
but in general case their degree of correlation 
(^2 ) will be different than that of the "soft" 



27r- 



l-h2(t;|) cos2A(?i , (1) 



particles. The single-particle azimuthal dis- 
tribution of " soft" and " hard" particles with 
respect to the reaction plane is then: 

2-K— =N[1 + 2v2 cos 2(j)] , (2) 



where N = + Nh - total multiplicity of 
particle satisfied some cuts per event. Thus, 
experiments measure the "effective" V2 = 

Hard scattered partons fragment into a 
high energy cluster (jet) of hadrons which are 
distributed in a cone of size ArjA(f> ^ 0.7 in 
pseudorapidity and azimuth. Let the two- 
particle azimuthal distribution within a sin- 
gle jet/dijet be of some general form: 

^"Sll) =<"'■> «"''>-')^(^«' 

where (n'*) is the average multiplicity of par- 
ticles within a single jet/dijet, and / (A(^) is 
a function which describes the intra-jet cor- 
relations of hadron pairs within a jet cone. 
In elementary high-energy collisions, / (A0) 
closely resembles the Gaussian distribution. 
In heavy-ion collisions, we are interested in 
measuring possible medium modifications of 
/ (A^). The function / {A(f)) can be param- 
eterized as following: 



/(A</.)=A 
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exp 



exp 



(A0)' 



(A^ - wy 

2a% 



e,(3) 



where the A^, crjv - normalization factor 
and width for the near-side peak (Acj) = 0), 
Ab, fB - normalization factor and width 
for the opposite-side peak (A^ = tt), and e 
- (unknown) factor which is corresponds to 
medium modification of hadron jets. The 
problem of normalization of two-particle dis- 
tribution doesn't discussed in this paper in 
detail. Experimental distributions are nor- 
malized on number of trigger particles with 
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high and on detector efficiency for corre- 
sponding single track. There are more com- 
plete normalization descriptions for experi- 
mental distributions and the numerical esti- 
mations of corresponding parameters in the 
Eq. (3) for different colliding systems and en- 
ergies 

Suppose we have Nj jets per event'', the 
total number of particles from jets is then 
Nh = Nj (n^^ . Combining the intra-jct cor- 
relations with correlations with respect to 
the impact parameter, the two-particle az- 
imuthal distribution for "hard" particles is 
then given by the following equation: 

27r^^ = Nh {Nh/Nj - 1) / (A<^) 

[ 1 2 (i;^) %os 2 A(/)j , (4) 

where the first term describes the correla- 
tion of particles from the same jct/dijct. and 
the second term corresponds to the corre- 
lation of particles from different jets/dijets 
(pure elliptic flow of "hard" particles), A^^ = 
Nj^^ (1 — 1/Nj) number of "hard" particle 
pairs per event with the exception of pairs 
between "hard" particles within single jet. 

Thus the combined two-particle distribu- 
tion of "soft" and "hard" particles will be a 
superposition of the "soft" and "hard" dis- 
tributions and an additional cross term with 
standard normalization: 

27r4^ = Nh {Nh/Nj - 1) / (A,^) 



d(A0) 



■C[l-h2Pcos2A0], (5) 



where the new parameters are C 



NP (vlf 



NP + 2N,Nh,PC 
2N,Nhv'^vl 

As one can see from the expres- 
sion above, the coefficient P in front of 
cos 2 A(^ depends on five parameters, namely 
Nj,Ns,Nh,V2, and in non-trivial way. 



This coefficient is the square of "general- 
ized" flow in the framework of this model 
of two-component flow. The total multiplic- 
ity {Ns + Nh) is measured experimentally. 
Experiments also measure V2 = {NsV2 + 
NhV^)/{Ns + Nh). More information can 
be extracted from the experimental data us- 
ing conditional two-particle azimuthal corre- 
lations for which one of the particles is de- 
tected under fixed directions with respect to 
the reaction plane ^. 

We also investigate how the two-particle 
azimuthal distributions change when the ori- 
entation of one of the particles is restricted 
to a region in-plane or out-of-plane with re- 
spect to the reaction plane. The analytic cal- 
culations below provide the framework for 
a consistent description of the elliptic flow 
measured via the single-particle distribution 
with respect to the reaction plane, jet yield 
per event, and the amplitude of flow-like 
modulation in the two-particle distribution 
in the relative azimuthal angle. Let the trig- 
ger particle be confined in the transverse 
plane to the — 7r/4 < cj) < 7r/4 {'in-plane' ), 
and 7r/4 < </> < 37r/4 {'out-of-plane' ), re- 
spectively. Below we consider the simplest 
ideal case, namely, the case of known reac- 
tion plane. The number of in/out "soft" and 
"hard" particles is: 

iV, 



27r 



There are four terms to the total num- 
ber of possible pairs for the combined 
" soft -I- hard" in/out-plane two-particle distri- 
bution: 

+ soft*", • hard 



(7r±4^;|), 



hard:,';^ • soft 



*that is Nj acts of hard parton scattering per event 



-h hard^^t • hard. (6) 
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By adding up all four terms and combin- 
ing, we get the following general expression 
for two-particle "in/out-plane" distribution: 



27r 



d(A0) 



out 



«*).(^-l)/(A^) 



2nCZ, = CZ, = (tt ± 4v^2) {Nf + N^Nh) 

+ {Tr±Av^) {N,Nh + NP), 

CZtPiut = N!v^2 i^v^2 ± 2) + {nv^ ± 2) 

+ 2NsNh{Trv'2V2±v'2±V2)- (7) 

By performing the combined fit of 

Eqs.(2), (5) and (7) to the experimental data, 
constraining the integrals, and using the fact 
that flow cancels out at 0, = 7r/2, it 
may be possible to unambiguously determine 
parameters Nj, Ns, Nfi,V2,V2 and study the 
medium modification of the two-particle dis- 
tribution within a jet by the following way. 

Thus jets arc sensitive to the collective 
flow field in the collision region. The reason 
of the jet asymmetry can be both collective 
flow of medium (flow of " soft" particles) and 
flow of "hard" particles (i.e. jet correlations 
with respect to event plane - jet flow). Also 
the "hard" flow component can influences on 
the structure of away-side peak in hadron 
distribution for RHIC data ^. In particular 
the jet flow can provides some asymmetry of 
Max cone or ring of Cherenkov gluons ^. 

Summary 

We derived general expressions for the two- 
particle azimuthal distributions isolating the 
contributions due to anisotropic flow and 
jets. We took into account the number of 
jets per event, average multiplicity per jet, 
dependence of jet yield on the orientation 
with respect to the reaction plane, and in- 
dependent " soft" particle production. In this 
model the two-particle distribution in the rel- 
ative azimuthal angle A(f> in general case con- 
tains both "soft" and "hard" flow parameters 



in non-trivial way. Analytical solutions are 
derived for two-particle azimuthal distribu- 
tions with respect to reaction plane in gen- 
eral case for the first time. 

The study of jet observables and jet-like 
particle correlations in heavy ion collisions is 
still at the beginning. Experimental meth- 
ods for studying compound flow in relativis- 
tic heavy ion collisions are under continuing 
development. However, first calculations in 
the framework of this model indicate that in 
provide some novel predictions for jet observ- 
ables and for two-particle (particulary for jet- 
like) azimuthal correlations in general. 
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